Results. The following mean ± standard deviations were obtained from 3D echocardiographic image analysis: annular circumference, 107.0 ± 14.6 mm; annular height, 7.6 ± 2.8 mm; septolateral diameter, 28.5 ± 3.7 mm; intercommissural width, 33.0 ± 5.3 mm; and annular height to intercommissural width ratio, 22.7% ± 6.9%. Principal component analysis indicated that shape variability was primarily related to overall annular size, with more subtle variation in the skewness and height of the anterior annular peak, independent of annular diameter.
Conclusions. Patient-specific 3D echocardiographic-based modeling of the human mitral valve enables statistical analysis of physiologically normal mitral annular geometry. The tool can potentially lead to the development of a new generation of annuloplasty rings that restore the diseased mitral valve annulus back to a truly normal geometry.
(Ann Thorac Surg 2014;97:71-7) Ó 2014 by The Society of Thoracic Surgeons S ince the beginning of their pioneering work on mitral valve repair, Carpentier and associates [1] have strongly advocated the use of ring annuloplasty to restore normal annular geometry. Early ring designs were based on expert surgical intuition and careful but qualitative observation of the mitral valve in arrested hearts during open heart procedures [2] [3] [4] .
During the late 1980s Levine and colleagues [5] used early generation three-dimensional echocardiography (3DE) to image the functioning mitral valve annulus. For the first time the annulus was found to have a threedimensional (3D) saddle shape. This finding had no influence on annuloplasty ring design until our group's early work demonstrating the importance of annular saddle shape in reducing leaflet stress and potentially increasing repair durability [6] . That initial theoretical work was supported by experimental findings by our group [7] and others [8, 9] , which demonstrated the salutary influence of saddle-shape annuloplasty on both annular and leaflet stress-strain profiles after mitral valve repair.
This growing body of evidence generated interest in the development of saddle-shaped annuloplasty ring designs. The first saddle-shaped rings were based on animal studies with sonomicrometry [10] . Second-generation designs were created using data developed by our group's application of novel real-time 3DE image analysis techniques to the human valve [11] .
Herein we report the use of new automated imaging algorithms designed to quickly and quantitatively describe the geometry of the normal human mitral valve annulus. Additionally we present a statistical analysis of the variability of that shape from person to person. The methods and data presented can be used in the future to develop a third generation of annuloplasty rings that restore the diseased mitral valve annulus back to a truly normal shape.
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Material and Methods

Image Acquisition
This research protocol was approved by the University of Pennsylvania School of Medicine Institutional Review Board, and all patients signed consents that allowed their echocardiographic studies to be analyzed.
Electrocardiographically gated full-volume transesophageal images of the mitral valve were acquired from 20 human subjects before undergoing a cardiac operation unrelated to the mitral valve. All patients had normal mitral leaflet, annular, and subvalvular morphology and dynamics based on two-dimensional and 3D echocardiographic assessment. Each had an ejection fraction greater than 0.55 and had no more than trace mitral regurgitation observed with Doppler echocardiography. The average body mass index and body surface area were 31.2 AE 6.5 kg/m 2 and 2.1 AE 0.2 m 2 , respectively. Imaging was performed with the iE33 platform (Philips Medical Systems, Andover, MA) using a 2-to 7-MHz transesophageal matrix-array transducer over four consecutive cardiac cycles. From each subject's data series, a 3DE image at midsystole was selected for analysis. Midsystole was defined as the temporal midpoint between aortic valve opening and closure. The images were exported in Cartesian format (224 Â 208 Â 208 voxels) with an isotropic resolution of 0.6 to 0.8 mm.
Semiautomated Image Analysis
The 3DE images of the mitral leaflets were semiautomatically delineated and geometrically modeled using previously described custom image-analysis software [12] . First, the mitral leaflets were segmented with userinitialized 3D active contour evolution. Minimal manual refinements of the mitral leaflet segmentation were performed for 2 subjects, requiring only several minutes of user interaction. Next, the morphology of the segmented leaflets was geometrically represented with a deformable medial model, a compact quantitative descriptor of shape [13] . The deformable medial model explicitly represents 3D annular geometry and automatically identifies four annular landmarks: the anterior aortic peak of the annulus (AAoP), the midpoint of the posterior annulus (MPA), and the anterior and posterior commissures (AC, PC). Figure 1 illustrates the semiautomated image analysis process, including a 3DE image acquired at midsystole (Fig 1A) , a two-dimensional cross section of the 3DE image showing the leaflet segmentation in red (Fig 1B) , and the fitted deformable model of the mitral leaflets with the annular curve shown in blue (Fig 1C) . The output of image analysis for each subject was a 3D annular contour at midsystole, consisting of 165 ordered points with four identified landmarks.
Annular Shape Analysis
The following measurements and ratios were derived from each 3D annular curve as illustrated in Figure Ratio of posterior annular circumference to total annular circumference (PAC:AC): quotient of PAC and AC, multiplied by 100 and expressed as a percentage
All patients' annular contours were aligned, and a mean annular curve was obtained by generalized Procrustes analysis, without scaling or reflection [14] . Principal component analysis was performed on the covariance matrix of the 20 aligned annular contours to obtain a set of eigenvectors and eigenvalues describing orthogonal modes of variation in normal annular geometry. Details on statistical shape analysis are given in the Appendix.
Results
The mean and standard deviations of the annular measurements are presented in Table 1 . The mean 3D annular curve computed by generalized Procrustes analysis is shown superimposed on the 20 individual annular curves in Figure 3 , and geometric measurements of the mean model are given in Table 2 (second column). Note that the mean annular curve has a well-defined saddle shape with peaks near the midpoints of the anterior and posterior annulus and troughs near the commissures. The mean annular contour appears oblong from an atrial perspective, with an SLD:ICW ratio of 86.3%. The nonplanarity of the 3D annular contour is evident in Figure 4 , which shows AHCWR as a function of rotational position on the annulus. Here, the red curve refers to the mean annular shape, and the blue curves refer to the 20 individual annular contours. No meaningful relationship between body mass index or body surface area and any of the mitral annular measurements or ratios was observed.
The first three eigenmodes obtained by PRINCIPAL COMPONENT ANALYSIS represented 73.8% of the total variation in annular geometry in the 20 subjects: 52.8% in the first mode, 11.2% in the second, and 9.8% in the third. Along each mode, annular contours AE1 and AE2 standard deviations were computed and are displayed in Figure 5 from three different viewpoints. For each eigenmode, the red contour is the mean shape, the dark and light blue contours are þ1 and þ2 standard deviations from the mean, and the dark and light green curves are À1 and À2 standard deviations from the mean. The regional AHCWR ratio is shown for each eigenmode in Figure 6 . Table 2 lists the annular measurements of the mean annular contour and the range of values À2 to þ2 standard deviations from the mean along each mode of shape variation.
The first eigenmode determined by PRINCIPAL COMPONENT ANALYSIS primarily shows variation in annular size. Moving away from the mean in one direction, the AH, AC, SLD, and ICW all increase, and the annular curve becomes more oblong from an atrial perspective, with a decreased SLD:ICW ratio. Moving in the opposite direction along the first mode, the annular size decreases and the annulus becomes more circular from an atrial perspective, indicated by an increase in the SLD:ICW ratio. Along the second eigenmode, there is little change in AH, AC, SLD, and ICW. Rather, the second mode shows change in the skewness of the anterior annulus: the AAoP moves off center and closer to one of the commissures relative to the mean, indicated by the regional AHCWR curves in Figure 6 . The third eigenmode primarily shows changes in AH and the global AHCWR, as shown in Figures 5 and 6 . Along this mode, there is little variation in the annular diameters and circumferences, but there are large changes in the height of the anterior annular peak. The third, and least significant, eigenmode shows the greatest variation in the PAC:AC ratio. 
Comment
This work complements and builds on previous studies of the nonplanarity of normal human annular geometry. The first description of the 3D shape of the mitral annulus was made by Levine and colleagues using first-generation 3DE scanning [5] . Annular geometry was further examined by several other groups using real-time 3DE imaging with state-of-the-art matrix array transducers [11, [15] [16] [17] .
Sonomicrometric studies in sheep have demonstrated the conservation of mitral annular nonplanarity across species [6] . In comparison with previous work, the novelty of this study lies in the use of an automated method of 3DE segmentation and mitral annular modeling, rather than manual tracing of human 3DE data. The automated method provides a repeatable, consistent means of analyzing a larger population of subjects with less user interaction and uses a geometric model that facilitates landmark identification and standardized quantitative morphometry. The annular contour is more densely sampled relative to previous studies using manual tracing, in which the 3D annulus is typically defined by 36 points [11, [15] [16] [17] . With its ability to identify anatomic correspondences in different subjects, the automated algorithm is well suited for the application of statistical shape analysis methods such as generalized Procrustes analysis. Moreover, it provides a framework for describing pathologic annular deformations in quantitative terms and for refining mitral valve repair techniques and devices. The geometric measurements reported here are consistent with several previous studies of normal human annular shape. Based on systolic annular circumference measurements at systole, Levine and colleagues [5] estimate the range of annular nonplanarity in normal human subjects to be 3 to 14 mm, which is approximately the range observed in this study (3.7 to 15.7 mm). In a population of 5 normal human subjects, Ryan and coworkers [11] measured an average AHCWR of 26.6% AE 3.1%, which is within the range observed in this study of 20 subjects of 14.3% to 37.8%. Interestingly, our group's early theoretical analysis of annular geometry had indicated that leaflet stress approaches a minimum when AHCWR values are between 15% and 30% [6] . The mean AHCWR measured here (22.7% AE 6.9%) falls within this range, as expected in subjects with normal mitral valve function. Compared with the results presented in this study, Watanabe and colleagues [16] measured a somewhat lower average AH at midsystole in 10 healthy human subjects (5.0 AE 0.7 mm). It is possible that the lower AH measurements reported in that study are the result of using an earlier 3DE imaging platform, a smaller patient population, or an annular representation with lower spatial resolution. The AH values measured in our study (7.6 AE 2.8 mm) are on par with those assessed by Vergnat and colleagues [15] using manual tracing in a population of 17 normal subjects using the same imaging platform (7.5 AE 0.4 mm). Our measurements of ICW, SLD, AC, PAC, and AAC are likewise consistent with this study, as well as the recent work of Lee and associates [17] , which includes an assessment of annular geometry in 32 healthy subjects.
In addition to using automated 3DE image analysis, a key contribution of this study is the statistical description of normal mitral annular geometry using Procrustes analysis and principal component analysis. The eigenmodes of shape variation generated by this statistical methodology indicate that the major differences among annuli were related to overall annular size. Differences in the skewness and height of the anterior annular peak also existed but to a much lesser extent, indicating that the saddle shape was relatively conserved from person to person. Despite this consistency, subtle trends in shape variation could be seen. Taken together, the findings summarized in Figures 5  and 6 indicated that larger annuli tended to be more Three modes of variation in normal annular geometry (columns), shown from three different viewpoints (rows). The red curve is the mean annular shape, the dark and light blue curves are þ1 and þ2 standard deviations from the mean, and the dark and light green curves are À1 and À2 standard deviations from the mean along a given mode of shape variation obtained by principal component analysis.
elliptical with more pronounced AHCWR and tended to have an anterior annular peak that is slightly skewed toward the PC.
It is possible that a wider application of this analysis could provide information for a new generation of annuloplasty ring designs. All current designs are manufactured in a range of sizes with all sizes maintaining the same shape. With further study it may become apparent that to completely restore normal valve geometry, the next generation of saddle-shaped annuloplasty devices would best be created with subtle variations in shape as ring size increases.
It has become increasingly apparent that the majority of mitral valve repair failures are related to valve stress. As such, the potential clinical importance of such sizerelated design subtleties could be supported by mathematical models based on a combination of the currently described imaging methodology and finite-element leaflet stress analysis. Appendix: Statistical Analysis of ThreeDimensional Mitral Annular Geometry Similar to the shape analysis described by Dryden and Mardia [14] , each annular shape A i is represented as a vector of ordered landmark points:
.; x n ; y n ; z n Ã where ðx j ; y j ; z j Þ refers to the three-dimensional (3D) coordinates of landmark j and n ¼ 165, the total number of points sampled on the 3D annular contour. The aim of statistical shape analysis is to approximate the distribution of annular shapes as a linear combination of a mean annular shape, A, and a weighted sum of c eigenvectors F k associated with eigenvalues l k :
l k p and b k is a scalar weighting parameter. Given N annular shapes aligned by Procrustes alignment without scaling or reflection, the mean shape is given by
For each shape A i , we calculate its deviation from the mean:
and compute the covariance matrix C:
The modes of variation in the N annular shapes are then given by F k , the unit eigenvectors of C that satisfy
Here, l k is the k th eigenvalue of C and l k ! l kþ1 . The eigenvectors of the covariance matrix corresponding to the largest eigenvalues represent the most significant modes of shape variation, and the variance encoded in each eigenvector is equal to its corresponding eigenvalue. The percentage of shape variation described by the eigenmode k is computed as
where l T is the sum of the eigenvalues. Given this linear statistical shape model, a shape AEb standard deviations from the mean along the k th eigenmode is estimated by
